Interleukin-6 (IL-6) is a cytokine with many activities. It has functions in the regulation of the immune system and the nervous system. Furthermore, IL-6 is involved in liver regeneration and in the metabolic control of the body. On target cells, IL-6 binds to an 80 kDa IL-6 receptor (IL-6R). The complex of IL-6 and IL-6R associates with a second protein, gp130, which thereupon dimerizes and initiates intracellular signaling. Whereas gp130 is expressed on all cells, IL-6R is only present on few cells in the body including hepatocytes and some leukocytes. Cells, which do not express IL-6R cannot respond to the cytokine, since gp130 alone has no measurable affinity for IL-6. Interestingly, a soluble form of IL-6R (sIL-6R) comprising the extracellular portion of the receptor can bind IL-6 with a similar affinity as the membrane bound IL-6R. The complex of IL-6 and sIL-6R can bind to gp130 on cells, which do not express the IL-6R, and which are unresponsive to IL-6. This process has been called trans-signaling. Here I will review published evidence that IL-6 trans-signaling is pro-inflammatory whereas classic IL-6 signaling via the membrane bound IL-6R is needed for regenerative or anti-inflammatory activities of the cytokine. Furthermore, the detailed knowledge of IL-6 biology has important consequences for therapeutic strategies aimed at the blockade of the cytokine IL-6.
Introduction
Interleukin-6 (IL-6) is a four-helical protein of 184 amino acids. The cDNA of IL-6 was cloned in 1986 [1] and it was recognized that IL-6 belonged to a large family of cytokines, which all shared the four-helical protein topology [2] . The IL-6 receptor (IL-6R), a protein with an Ig-fold, binds IL-6 with nanomolar affinity [3] . Binding of IL-6 to the IL-6R does, however, not lead to signaling. The complex of IL-6 and IL-6R associates with the protein gp130 thereby inducing its dimerization and initiating intracellular signaling via the JAK/STAT pathway [4] . In addition to the activation of the canonical JAK/STAT pathway, the phosphatase SHP-2 is recruited to tyrosine phosphorylated gp130, becomes phosphorylated by JAK1 and thereupon mediates the activation of the Ras-Raf-MAPK signaling pathway [5, 6] . The contribution of the JAK/STAT pathway and the SHP-2 driven Ras-Raf-MAPK signaling pathway to pathophysiology has been addressed by using mice in which the portions of gp130, which trigger these respective pathways have been genetically modified [7] . Using these mice in models of rheumatoid arthritis led to the conclusion that the IL-6-gp130-STAT3 axis was fundamentally required for the orchestration of the inflammatory process in the animals [8] . From these results it can be expected that also in rheumatoid ar-
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Interestingly, gp130 is also a receptor subunit of the receptor complexes for IL-11, ciliary neurotrophic factor (CNTF), leukemia inhibitory factor (LIF), oncostatin M (OSM), cardiotrophin-1 (CT-1), cardiotrophin like cytokine (CLC) and IL-27. These cytokines form the gp130 cytokine family [10] .
The receptor subunit gp130 has no measurable affinity for IL-6 nor the IL-6R [11] . As a consequence, IL-6 can only bind to and stimulate cells, which express the IL-6R. Cells, which only express gp130 are completely unresponsive to IL-6 [12] . Interestingly, a soluble form of the IL-6R (sIL-6R) has been found in body fluids such as urine and blood [13] and it was shown that in humans, the sIL-6R could be generated by two different mechanisms, limited proteolysis of the membrane bound receptor by the metalloprotease ADAM17 [14] and by translation of a differentially spliced mRNA [15] . It is thought that regulated generation of the sIL-6R occurs through shedding rather than through differential splicing [16] . Interestingly, in the mouse, only shedding but no differential splicing of the IL-6R mRNA has been detected [17] . The sIL-6R binds IL-6 with comparable affinity as the membrane bound IL-6R [18] . Gp130 expressing cellseven in the absence of IL-6R -can be stimulated by the complex of IL-6 and sIL-6R [19] and this process has been called trans-signaling [18] . In Fig. 1 it is depicted that cells which only express gp130 can only be stimulated by the complex of IL-6 and sIL-6R (right), whereas cells, which express IL-6R can respond to IL-6 alone (left).
Shedding of the IL-6R
Using pulse-chase experiments it was demonstrated that it took 24 h to completely shed the IL-6R from cells. Stimulation of the cells with the phorbol ester PMA induced complete loss of the IL-6R from the cell surface within 1 h [14, 20] . The cleavage site was determined and it was shown that small deletion around the cleavage site completely abrogated PMA-induced shedding [21] . Subsequent studies established that treatment of cells with C-reactive protein (CRP) [22] , bacterial toxins [23] and cholesterol depleting agents [24] as well as treatment of cells with bacterial metalloproteinases [25] induced shedding of the IL-6R. Since most of these treatments interfere with membrane integrity from the inside or outside it was hypothesized that also induction of apoptosis, which leads to reorientation of phosphatidylinositol within the membrane, might induce shedding of this cytokine receptor. Indeed, it turned out that early induction of apoptosis led to strong ADAM17 mediated shedding of the IL-6R [26] . It was established that in inflammatory processes, shedding of the IL-6R from neutrophils, which are the first cells to arrive at a site of damage, leads to the stimulation of endothelial cells, which do not express IL-6R on the cell surface and are therefore unresponsive to the cytokine. Stimulation of endothelial cells by the IL-6/sIL-6R complex leads to secretion of the mononuclear cell attracting cytokine MCP-1. Thereby, the shedding of the IL-6R acts as a gauge for the initial damage reflected by the numbers of neutrophils attracted [27] . On CD4-T-cells, IL-6 has been shown to strongly influence the balance between regulatory T-cells and TH17-cells [28] . The induction of TH17-cells by IL-6 was strongly increased by the presence of sIL-6R indicating a role for trans-signaling in this process [29] . Interestingly, sIL-6R is produced by naïve and memory CD4-T-cells when the T-cell receptor is activated [30] . It was shown that this local regulation of sIL-6R activity and IL-6 trans-signaling contributes to the status of the T-cell response [31] .
A natural soluble form of gp130 (sgp130) is found in the circulation [32] at levels around 400 ng/ml. Furthermore, a shorter form of sgp130 was detected in normal human urine, plasma and the synovial fluid of patients with rheumatoid arthritis [33] . This form of sgp130 called gp130-RAPS only comprises the Ig-like N-terminal domain as well as the cytokine binding domain of gp130 and therefore has a molecular weight of only around 50 kDa [33] . It was shown that like the soluble, entire extracellular form of sgp130, the shorter form gp130-RAPS could bind the IL-6/sIL-6R complex [34] . The soluble forms of sgp130 were found not to be generated by proteolytic cleavage [35] but rather by translation from alternatively spliced mRNA [36] .
Transgenic strategies to study IL-6 trans-signaling Transgenic mice were generated, which expressed a cDNA coding for the human sIL-6R from a liver promoter [37] . Since murine IL-6 does not bind to the human IL-6R [38] , these mice showed no phenotype. However, when mice were injected with human IL-6 it turned out that the transgenically expressed sIL-6R protein led to sensitization towards IL-6 and to stabilization of IL-6 in the blood of the animals [37] . The sIL-6R transgenic mice were crossed with mice, which were transgenic for human IL-6 [39] . Double transgenic IL-6/sIL-6R mice were compared to IL-6 single transgenic mice. It turned out that only double transgenic IL-6/sIL-6R mice showed massive extramedullary hematopoiesis [40] together with hepatocellular proliferation [41, 42] . Since both phenotypes were not seen in single IL-6 transgenic mice, these results were the first indication that in vivo the response to the IL-6/sIL-6R complex can be substantially different from the response to IL-6 [43] . An explanation for the different response was that (i) hepatocytes express far more gp130 than IL-6R on their cell surface. Therefore, stimulation by IL-6 the presence of sIL-6R leads to far more gp130 dimers signaling into the cell (Fig. 2 ). (ii) In addition, we could show that while stimulation of cells with IL-6 leads to rapid internalization of IL-6 [44] and thereby to termination of signaling, addition of the IL-6/sIL-6R complex to cells resulted in very little internalization and prolonged signaling [45] . The combination of increased signal strength due to more gp130 signaling molecules with prolonged signaling due to reduced internalization resulted not only in a quantitative but also in a qualitative different cellular response.
Fig. 2. Receptor distribution IL-6R expressing cells.
Most IL-6R expressing cells express far more gp130 than IL-6R. IL-6 stimulation of such cells leads to the activation of only few gp130 molecules. IL-6 in the presence of the sIL-6R, however, will lead to stimulation of all gp130 molecules leading to a higher signal amplitude.
Protein tools to study IL-6 trans-signaling: Hyper-IL-6, sgp130Fc, L-gp130
When together with Joachim Grötzinger we built a molecular model of the IL-6/sIL-6R protein complex [12] we realized that the C-terminus of the sIL-6R and the N-terminus of IL-6 were about 40Å apart. We therefore introduced at the cDNA level a flexible peptide linker spanning these 40Å between the C-terminus of the sIL-6R and the N-terminus of IL-6 ( Fig. 3A ) [12] . On gp130 expressing cells, the resulting protein called Hyper-IL-6 was shown to be 100-1,000 times more active than the separate proteins IL-6 and sIL-6R. This could be explained by the fact that the affinity of IL-6 to IL-6R is in the range of 1 nM whereas the complex of IL-6/IL-6R binds with 100 times higher affinity to gp130 [46] . Therefore, the preformed complex in Hyper-IL-6 showed higher efficacy than the two separate proteins.
Subsequently, the comparison between application of IL-6 and Hyper-IL-6 led to the characterization of many target cells of IL-6 trans-signaling. Cells, which would only respond to IL-6 in the presence of the sIL-6R include hematopoietic stem cells [47] , many if not all neural cells [48, 49] , smooth muscle cells [50] and embryonic stem cells [51, 52] . These results indicated that the IL-6 trans-signaling pathway was used in many cell types and tissues [53] .
The receptor subunit gp130 does not show any affinity for IL-6 or IL-6R alone. Only the complex of IL-6 and IL-6R binds to cellular expressed gp130 [19] (Fig. 3B) . We expressed the extracellular portion of gp130 as an IgG1-Fc fusion protein (sgp130Fc) and could show that also the soluble gp130 protein only interacts with the sIL-6R in the presence of IL-6 [11] . As a consequence, the soluble gp130 and the sgp130Fc protein inhibited IL-6 trans-signaling but had no inhibitory effect on classic IL-6 signaling, i.e. on the stimulation of cells by IL-6 via the membrane bound IL-6R [11] . Interestingly, the soluble gp130 protein did not show any species specificity: whereas murine IL-6 does not bind to the human IL-6R, the human and murine IL-6/sIL-6R complex bound to both, human and murine soluble gp130 [11] . Therefore, the sgp130Fc protein could be used as a molecular tool to discriminate between IL-6 classic signaling and IL-6 trans-signaling on human cells as well as in murine models of human diseases [54, 55] . Interestingly, it was shown that the sgp130Fc protein did not inhibit other gp130 cytokines such as CNTF, LIF, OSM and IL-27 [56] . The reason for this specificity is that these gp130 cytokines on the cell surface form a complex with a heterodimer of gp130 with LIF receptor, OSM receptor or WSX-1, respectively. Therefore the affinity of these cytokines to the dimeric sgp130 moiety in the sgp130Fc protein is much lower than to the membrane bound heterodimers of gp130 with LIF receptor, OSM receptor or WSX-1, respectively. Therefore, sgp130Fc fails to compete efficiently with these cell bound receptor complexes for binding of CNTF, LIF, OSM and IL-27 and consequently has little or no inhibitory activity [56] . Theoretically, an IL-11/sIL-11R complex could be inhibited by sgp130Fc. But to date, no naturally occurring sIL-11R has been detected neither in mouse nor in man. So far it is unclear how binding of the IL-6/IL-6R or IL-6/sIL-6R complexes to gp130 leads to the transmission of the signal into the cell. It is, however, clear that dimerization of gp130 cannot be sufficient for signal initiation since gp130 even in the un-liganded state already forms a dimer [57, 58] . To address this question a gp130 cDNA was constructed, in which the entire region coding for the extracellular portion was replaced by DNA sequences coding for the leucine-zipper from the Jun protein [59, 60] . The presence of the jun-leucine-zipper led to IL-6 independent dimerization of gp130, activation and phosphorylation of JAK kinases and STAT3 and subsequently to transcription of STAT3 target genes (Fig.  3C) . When transfected into IL-6 dependent cells, the presence of the L-gp130 protein led to longterm and stable cytokine-independent growth of the cells [59, 60] . Interestingly, when transfected into murine embryonic stem cells, L-gp130, even in the absence of leukemia inhibitory factor led to an upregulation of the transcription factor Oct4 accompanied by a stable and complete blockade of cellular differentiation [59] . It was concluded from these data that forced juxtaposition of the transmembrane domains of gp130 and consequently its cytoplasmic domains mediated by the jun-leucine-zipper was sufficient for gp130 signaling in the absence of extracellular stimulation. The dimerization of gp130 found in the absence of receptor stimulation [57, 58] apparently does not position the transmembrane domains and cytoplasmic domains of gp130 in a way that is sufficient to induce gp130 signaling. Interestingly, in a different study it had been observed that also the membrane bound IL-6R on cells was dimeric although the function of this dimerization so far remains unclear [61] .
The sIL-6R/sgp130 buffer in the blood
Since all cells in the body express gp130 [9, 10] , theoretically, all cells can be activated by the IL-6/sIL-6R complex. Since the cellular responses to the IL-6/sIL-6R complex can be dramatic, ranging from induction of hepatocyte proliferation to massive increase in hematopoiesis [40, 43] there must be a control mechanism to prevent IL-6 trans-signaling under steady-state conditions. Apparently, the concentrations of IL-6, sIL-6R and sgp130 have to be taken into account. In healthy subjects, IL-6 plasma levels are barely detectable and range between 2-6 pg/ml [62] . They are massively increased during inflammation and can reach levels of several µg/ml under septic conditions [63] . In patients with rheumatoid arthritis i.e. during chronic inflammatory conditions, IL-6 levels of up to 150 ng/ml have been described [64] . In contrast, levels of sIL-6R are in the range of 75 ng/ml [65] and sgp130 levels have been found at around 250-400 ng/ml [32, 66] . Thus, under steady state conditions, levels of sIL-6R and sgp130 are roughly 1000 times higher than IL-6 levels. Furthermore, as mentioned, IL-6 levels can increase up to 1 million fold in severe conditions [63] , whereas sIL-6R and sgp130 levels have been reported to only increase not more than 2-5 fold during inflammation [67, 68] . These concentrations imply that IL-6, once secreted, will bind to sIL-6R in the plasma and this complex will associate with sgp130 and thereby be neutralized. Only when IL-6 levels exceed the levels of sIL-6R and sgp130, IL-6 can act systemically -as seen under septic conditions [63] . Under physiologic conditions IL-6 is thought to act in a paracrine fashion [69] . As recently reported, the sgp130Fc protein under conditions, when sIL-6R levels largely exceed levels of IL-6, can also block IL-6 classic signaling because then free IL-6 will bind to the excess of sIL-6R and this complex will bind to and will be neutralized by sgp130Fc [70] . It should be noted, however, that these calculations do not take into account the local cytokine and soluble cytokine receptor levels at the site of inflammation, which are largely unknown since they are mostly not experimentally accessible [9] .
In two recent publications, it was shown that a single nucleotide polymorphism in the IL-6R gene changing glutamine 258 into alanine resulted in higher serum concentrations of sIL-6R was connected to a lower risk of coronary heart disease [71, 72] . Interestingly, this amino acid is positioned exactly at the cleavage site of the human IL-6R [21] . This effect of this single nucleotide polymorphism was explained with the loss of membrane bound IL-6R from hepatocytes, monocytes, and macrophages and a concomitant loss of IL-6 signaling in these cells [73] . An alternative explanation would be that an increase in sIL-6R levels would increase the capacity of the sIL-6R/sgp130 buffer in the blood and therefore lead to reduced overall IL-6 activity [74] . Recently, it was shown that by specifically blocking IL-6 trans-signaling with the sgp130Fc protein, we could significantly reduce the extent of atherosclerosis in hypercholesterolemic LDL receptor negative mice [68] .
IL-6 Trans-signaling is pro-inflammatory
With the sgp130Fc protein as a molecular tool it was possible to discriminate between IL-6 classic signaling and IL-6 trans-signaling not only in vitro but also in vivo. In gp130 dependent mouse models of human diseases, global IL-6 signaling could be blocked by the use of anti-IL-6 or anti-IL-6R neutralizing antibodies. In a parallel experiment, IL-6 trans-signaling could be blocked with the help of the sgp130Fc protein. These experiments allowed to decide whether the gp130 driven disease model was based on IL-6 classic signaling or IL-6 trans-signaling [54, 55] . The sgp130Fc could be applied by injection of the recombinant protein or was synthesized in vivo in transgenic mice expressing the sgp130Fc from liver cells. Using this approach, we could show that in models of inflammation, of autoimmune diseases and of inflammation associated cancer, blockade of IL-6 trans-signaling by sgp130Fc was sufficient to block the inflammatory progress (Table 1 ). In the case of mycobacterium tuberculosis infection, treatment of the animals with sgp130Fc protein did not lead to an increase of bacterial burden in lung, liver and spleen, whereas treatment with neutralizing TNFα-antibodies resulted in a 10-100 fold increase in mycobacterial colony forming units in the respective organs [75] .
In a recent study comparing the susceptibility of IL-6 -/-mice and wt mice in an inflammatory colon cancer model (AOM/DSS), it was shown that IL-6 -/-mice exhibited less tumors but more inflammation than wt mice [76] . It turned out that IL-6 -/-mice were impaired in regenerating the irritated intestinal epithelium. A similar protective effect of IL-6 had already been noted in mice infected with Citrobacter rodentium [77] . From these experiments it was concluded that in the intestine upon wounding, the regenerative activities of IL-6 are needed for wound healing [76] and that this activity was most likely mediated via the membrane bound IL-6R [69, 78] . In a recent study, we used a standardized cecal ligation and puncture (CLP) sepsis model, leading to the death of about 60% of the animals [79] . In this model, we could demonstrate that global blockade with a neutralizing IL-6 antibody did not lead to a significant increase in survival of the animals. In contrast, when only IL-6 trans-signaling was blocked with 0.5 mg/kg sgp130Fc, 100% of the animals survived. Interestingly, CLP led an upregulation of the acute phase protein serum amyloid A (SAA). This SAA induction was inhibited by global IL-6 blockade but was unaffected by treatment of the mice with sgp130Fc [79] . Likewise, apoptosis of intestinal epithelial cells was detected in mice after CLP, which was only slightly reduced after global IL-6 blockade but was completely blocked after treatment with sgp130Fc [79] . These results clearly showed a benefit of the more specific blockade of IL-6 trans-signaling as compared to global IL-6 inhibition by neutralizing antibodies.
We inferred from all these experiments, that IL-6 trans-signaling represents the pro-inflammatory part of IL-6 biologic activities whereas IL-6 classic signaling comprises the anti-inflammatory or regenerative activities of IL-6 such as regeneration of intestinal epithelial cells [76] , inhibition of epithelial apoptosis and the activation of the hepatic acute phase response [79] . Since shedding of the IL-6R is mainly governed by the protease ADAM17 [14, 80] , we speculate that ADAM17 has a decisive role in inflammation and cancer [17] (Fig. 4) .
Viral IL-6 as an example of pathophysiologic trans-signaling
The genome of Human Herpesvirus 8 (HHV8) also called Kaposi's sarcoma-associated herpesvirus codes for a viral form of IL-6, designated vIL-6 [81] . Although this viral homolog shares only 25% sequence identity with human IL-6 it could be demonstrated that it stimulates cells in a gp130 dependent manner [82] . Interestingly, it could be shown that vIL-6 directly bound to gp130 without the need of soluble of membrane bound IL-6R and that association with gp130 was sufficient to induce STAT3-dependent proliferation of cells [83, 84] . This was confirmed by the structure of vIL-6 bound to the extracellular portion of gp130 [85] and by the definition of the amino acid sequences responsible for the ability of vIL-6 to directly bind to and activate gp130 [86] . In addition, it could be shown that vIL-6 not only stimulated cells from the outside but could also act from within the cell [87, 88] , which might be important for the pathophysiologic role of vIL-6 and needs to be considered when strategies of vIL-6 neutralization are assessed [87, 88] . Since vIL-6 is the only known cytokine, which can stimulate gp130 without the help of an additional receptor protein, we speculated that vIL-6 was a natural model for IL-6 trans-signaling [89] [90] [91] . Indeed, it could be shown that vIL-6 affects neutrophil infiltration during acute inflammation in a similar way as the IL-6/sIL-6R complex [92] . Furthermore, in mice transgenic for vIL-6 we observed development of a phenotype, which closely resembled multicentric Castleman disease [93] . Interestingly, when we crossed the vIL-6 transgenic mice with IL-6 -/-mice, the phenotype disappeared, indicating that vIL-6 collaborated with murine IL-6 in the development of the pathophysiology [93] . This might be very relevant for the situation in patients because HHV8 has been associated with multicentric Castleman disease and 100% of HIV positive patients and 50% of HIV negative patients harbor the virus [94] . Since IL-6R neutralizing antibodies are already in the clinic for the treatment of autoimmune diseases, neutralization of human IL-6 should be considered for the treatment of multicentric Castleman disease. Indeed, it was already noted in a clinical trial with IL-6R neutralizing antibodies that patients with multicentric Castleman disease, who were HHV8 positive, improved upon neutralization of human IL-6 activity [95] .
Consequences for the therapeutic targeting of IL-6
Activities of IL-6 can be regenerative and protective during infection and inflammation [76, 77, 96] . On the other hand, IL-6 is needed for the activation of the immune system (Fig. 4) . Indeed it has been shown that neutralization of IL-6 by an anti-IL-6R antibody has beneficial effects in several autoimmune diseases such as Rheumatoid Arthritis, Castleman's disease and juvenile idiopathic arthritis and has been approved for treatment of these diseases [97] . In clinical trials, the benefit from blocking IL-6R activity for the patients was at least as high as the benefit from blocking TNFα activity. Autoimmune diseases are not cured by anti-cytokine therapy but only suppressed. Therefore, patients will likely have to be treated for the rest of their lives. Therefore, side effects will be an important issue of consideration for such therapies in the future.
The principle of cytokine blockade differs between neutralizing antibodies and soluble receptor binding proteins. The anti-human IL-6R antibody tocilizumab blocks both, IL-6 classic signaling and IL-6 trans-signaling (Fig. 1) and therefore blocks both, pro-and anti-inflammatory activities of IL-6 (Fig. 4) .
The IL-6 trans-signaling inhibitor sgp130Fc, however, binds only IL-6 molecules, which are bound by the sIL-6R (Fig. 5) . Since during inflammatory states IL-6 concentrations at the site of inflammation are likely to largely exceed concentrations of sIL-6R, many IL-6 molecules are not blocked and can induce regeneration of intestine epithelial cells or induce the hepatic acute phase reaction and thereby support the innate immune response of the body in defense of bacterial infection. Therefore we are looking forward to the first clinical trials with sgp130Fc, which are planned in early 2013. 
